Purpose: This study aimed to evaluate binocular coordination using video-oculography during smartphone reading in patients with intermittent exotropia compared to individuals with normal vision. Patients and methods: Eleven youth and adult patients with intermittent exotropia (21.9±9.3 years) and 15 control subjects (26.6±4.3 years) were examined. Eye movements were recorded during smartphone reading at 50, 30, and 20 cm using video-oculography. The loss of binocular coordination was tentatively defined as a horizontal disparity greater than 2°. The proportion of monocular viewing was the percentage of time for which binocularity was lost during smartphone reading. The proportion of monocular viewing, the reading speed, and the correlation between proportion of monocular viewing and reading speed were analyzed. Results: The proportion of monocular viewing during smartphone reading was significantly higher in the intermittent exotropia group than in the control group (P,0.001). It was significantly more frequent at 20 cm than at 50 cm in the intermittent exotropia group (P,0.05). The reading speed was significantly negatively correlated with the proportion of monocular viewing at 30 and 20 cm in the intermittent exotropia group (P,0.05). Conclusion: A significant increase in the proportion of monocular viewing in the intermittent exotropia group suggests that an appropriate viewing distance should be advised so that users can maintain binocular coordination when viewing a smartphone.
Introduction
Smartphones are widely used because they permit easy access to the Internet. 1 More than 50% of youth in developed countries such as USA and Japan use smartphones daily to access social networking services. 2, 3 Although smartphones are useful for communication and the proportion of people using them daily continues to increase each year, 4 health problems are also noted with their use, such as acute acquired comitant esotropia. 5 Intermittent exotropia (X(T)) is the most common form of childhood-onset exotropia. [6] [7] [8] It is characterized by exodeviation, prolonged near point of convergence, and low fusional convergence at close distances. 9, 10 The clinical management of X(T) has been based on the angle of deviation at a distance and at proximity using the prism cover test. 11 Typically, this test is performed with the individual focusing on an accommodative target at the static eye position in Listing's law. 12 However, static eye position is not a natural visual state, and there is a possibility that functional X(T) is underestimated, such as with the proportion of monocular viewing.
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In this study, we measured binocular eye movement during smartphone reading in patients with X(T) using videooculography (VOG) and investigated whether binocular coordination was maintained during reading.
Patients and methods subjects
The study cohort comprised 11 patients diagnosed with X(T) (age, mean ± SD, 21.9±9.3 years; range, 13-40 years) recruited from the Department of Ophthalmology, Osaka University Hospital, Osaka, Japan.
Control subjects were 15 healthy young volunteers (age, 26.6±4.3 years; range, 21-35 years). All participants underwent complete ophthalmologic examinations that included visual acuity at a distance of 5.0 m, stereo acuity (Titmus Stereo Tests; Stereo Optical Co, Inc, Chicago, IL, USA) at a distance of 40 cm, and angle of deviation using the alternate prism cover test both near (33 cm) and distant (5.0 m). Stereo acuity was converted to logarithm of arcsecond (log arcsec).
The inclusion criteria were use of a smartphone every day and no diplopia or blurry vision during smartphone use. All participants confirmed daily smartphone use and reported no diplopia or blurry vision during smartphone use. Moreover, participants and their families confirmed that they had been using the smartphone at a distance of 20-30 cm. Participants were excluded if they could not maintain binocularity at 20 cm in the first eye position. The high-myopia participants and those with refractive error over ±9.00 D were also excluded.
Written informed consent was obtained from all participants after the nature and possible complications of the study were explained. Moreover, in cases wherein patients were younger than 18 years of age, a parent or legal guardian provided written informed consent. This investigation adhered to the tenets of the World Medical Association's Declaration of Helsinki. The experimental protocol and consent procedures were approved by the Institutional Review Board of Osaka University Medical School (approval number 14037-3).
eye movement recordings
Eye movements were recorded during smartphone reading using the Tobii TX300 eye tracker (TX300; Tobii Technology Co, Ltd, Stockholm, Sweden). TX300 determines the eye position by detecting the corneal reflex created by near-infrared light and compensates for 15×7″ of freedom of head movement at 65 cm. Additionally, the TX300 eye tracker was tolerant of reflection and/or minification effects until -8.00 D in our pilot study. The sampling rate was 120 Hz, and the measurement angle was ±35° from the center of the monitor. TX300 permitted measurement at any fixation distance between 50 and 80 cm, and the measurement error was in the range of 0.3°-0.5° (IQR) at 65 cm.
All subjects underwent a calibration test under binocular conditions at each distance before the reading task because pupillary diameter in adult patients with X(T) significantly changed between monocular and binocular conditions. 13 The pupillary diameter reportedly differed between monocular and binocular conditions, 14 and the change in pupillary diameter affected the accuracy of VOG. 15 During calibration, all participants were asked to fixate on five cross targets (visual angles of 0.23° at 50 cm, 0.38° at 30 cm, and 0.57° at 20 cm) at the four corners and center of the smartphone screen ( Figure 1 ). The center of the screen was defined as 0° horizontal and vertical. The right and upper halves of the screen were defined as the positive side, while the left and lower halves were defined as the negative side.
After calibration, the examiner confirmed that the center of binocular gaze position in all subjects converged within the measurement error range of the TX300 using Tobii Studio software.
reading task
The difficulty of the reading task was adjusted to a junior high school reading level and was performed using Amazon Kindle for Android (Amazon.com, Inc, Seattle, WA, USA; Figure 1A ) to approximate normal daily smartphone use. The viewing distances were set at 50, 30, and 20 cm. 16, 17 The Japanese translation of The Little Prince (by Antoine de Saint-Exupéry) was displayed on the smartphone screen (NEXUS5; LG Electronics Inc, Seoul, Korea; resolution, 1,920×1,080; screen illuminance, 300 cd/m 2 ). The text comprised logographic kanji (Chinese characters) and syllabic kana characters vertically displayed in black on white. The font size of the text was 12 points, and the space between the lines was 0.25° at 50 cm, 0.42° at 30 cm, and 0.63° at 20 cm. The length of a line was up to 97 mm (11.1° at 50 cm, 17.9° at 30 cm, and 25.5° at 20 cm), with a maximum of 35 characters per line (50 cm, 579 characters; 30 cm, 808 characters; and 20 cm, 687 characters). The text size was not rescaled for target distance in order to replicate eye movements under situations close to everyday smartphone use.
All participants were seated in a well-lit room (600 lx) wearing fully corrective glasses. They were instructed to 
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smartphone reading in intermittent exotropia read three pages of text silently, swiping the smartphone screen to turn pages at their own reading speed without head movement. The reading task was performed in order at distances of 50, 30, and 20 cm. An examiner asked all participants if they were aware of diplopia or blurred vision at each distance of the smartphone in this experiment after reading at each distance.
experimental environment
The TX300 was set under an electric instrument table (OT-450; Nidek Co, Ltd, Aichi, Japan). The distance between the TX300 and the subjects' eyes was set at 65 cm by adjusting an electric stool (DR-070; Takara Belmont Corp, Osaka, Japan). The smartphone was placed on the electric instrument table ( Figure 1B and C). A web camera (C910, Logitech Corp, Vaud, Switzerland), for observation of the smartphone screen, was set over the electric instrument table and linked with Tobii Studio eye tracking software (Tobii Technology Co, Ltd, Stockholm, Sweden).
Data collection
All eye movement data were exported into an Excel file (Microsoft Co, Ltd, Redmond, WA, USA) using Tobii Studio software. Horizontal and vertical eye movements were analyzed, and saccade, fixation, and blinking were automatically identified using a velocity threshold identification (I-VT) filter with Tobii Studio software. An I-VT filter was used to classify eye movements based on the velocity of the directional shifts of the eye. Saccade was defined as a median value of three consecutive windows exceeding 30°/s.
The horizontal and vertical fixation disparities (left eye − right eye [deg]) during reading were calculated. A value of 0° indicated that the two eyes aligned at the letter on the smartphone. Positive values represented crossed fixations (eso-or hyperfixation disparity); whereas negative values represented uncrossed fixations (exo-or hypofixation disparity).
Fixation disparity was a small vergence error in binocular vision. 18 Previous studies commonly showed that the horizontal fixation disparity, measured by VOG, had a variance 19,20 Therefore, monocular viewing was tentatively defined in the present study as a horizontal disparity greater than 2°. The proportion of monocular viewing was calculated using the following formula: monocular viewing time/total reading time.
Reading speed was a common legibility metric for evaluating reading performance. 21 In this study, reading speed was evaluated by the number of characters per second (cps), including repagination by a screen swipe.
statistical analysis
Differences in the proportion of monocular viewing, reading speed, and horizontal fixation disparity at each distance between and within the groups was determined using the Mann-Whitney U test and Schéffe test. Correlation between reading speed and the proportion of monocular viewing was determined using single linear regression analysis for each distance.
IBM SPSS Statistics 24 software (IBM Corporation, Armonk, NY, USA) was used for all analyses. A P-value of ,0.05 was considered statistically significant. Table 1 reading performance of X(T) and control groups
Results Demographics
The proportion of monocular viewing by disruption of binocular coordination during smartphone reading was significantly higher in the X(T) group than in the control group (50 cm, mean ± SD, 11.9%±19.5% vs 0%; 30 cm, 19.7%±23.8% vs 0%; and 20 cm, 41.0%±29.4% vs 0%; P,0.001; Figures 2 and 3A, Table 3 , Supplementary videos S1 and S2). Within the X(T) group, the proportion of monocular viewing at 20 cm was significantly higher than that at 50 cm (P=0.03; Figure 3A , Table 3 ), but it did not differ significantly within the control group ( Figure 3A , Table 3 ). All patients reported no diplopia and/or blurred vision during smartphone reading.
Reading speed was significantly slower in the X(T) group than in the control group at 30 and 20 cm (50 cm, 6.3±0.8 cps vs 7.2±1.8 cps, P=0.50; 30 cm, 7.9±1.4 cps vs 9.3±1.7 cps, P=0.04; and 20 cm, 7.4±1.1 cps vs 9.4±2.0 cps, P=0.01; Figure 3B , Table 3 ). The reading speed was significantly slower at 50 cm than at 30 cm in both groups and was significantly slower at 50 cm than at 20 cm in the control group [X(T): 50 vs 30 cm, P=0.01; Control: 50 vs 30 cm, P=0.01; 50 vs 20 cm, P=0.01; Figure 3B , Table 3 ].
The reading speed was significantly negatively correlated with the proportion of monocular viewing at 20 and 30 cm Figure 4 ).
The horizontal fixation disparity calculated as less than 2° did not differ significantly between the X(T) and control groups at any distance (50 cm, -0.15°±0. 
Discussion
In the present study, binocular coordination during smartphone reading with a vertical script was evaluated in youth and adult patients with X(T) and compared with individuals with normal vision. VOG shows that patients with X(T) sometimes view the smartphone screen monocularly, doing so significantly more frequently at a distance of 20 cm than at 50 cm (Figures 2 and 3A , Video S2). The reading speed is significantly slower in the X(T) group than in controls. It is significantly negatively correlated with the proportion of monocular viewing in the X(T) group at 30 and 20 cm ( Figures 3B and 4 ). Our findings suggest that patients with 
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hirota et al X(T) have reduced reading performance because of more frequent monocular viewing when using a smartphone at close distances. All participants are not aware of diplopia and/or blurred vision during smartphone reading. Bababekova et al 17 reported that among healthy young individuals, the viewing distance of a smartphone is closer than that of a hardcopy text. Yoshimura et al 16 reported that smartphone viewing distance was significantly shorter when the user was lying down rather than sitting up. Therefore, individuals with X(T) may not be able to maintain convergence when viewing a smartphone, although they are not aware of diplopia and blurred vision because the exodeviated eye is suppressed.
The reading speed is significantly slower at 50 cm than at 30 cm in both groups ( Figure 3B ). In the control group, the reading speed is significantly slower at 50 cm than at 20 cm ( Figure 3B ), but the speed does not differ significantly at those distances in the X(T) group. As mentioned in the 22 demonstrated that reading speed in healthy individuals depended on font size, with slower reading when the font size was less than about 0.3°. Therefore, the present findings are similar to those in earlier evidence.
The slower reading speed in the X(T) group at 20 cm and 30 cm is significantly negatively correlated with the proportion of monocular viewing in the X(T) group (Figure 4 ). This suggests that monocular viewing in this group adversely affects reading performance and confirms that the speed does not differ significantly between 50 cm and 20 cm distances in the X(T) group. Studying healthy adults, Johansson et al 23 reported that fixation duration and length of regressive saccades in monocular viewing were significantly prolonged compared with those in binocular viewing, although the reading speed did not differ significantly. The subjects were occluded in one eye during the reading task in their study. Conversely, the participants with X(T) in our study undergo the reading task in binocular condition and have repeated fusion breaks and refusion during smartphone reading (Video S2). Therefore, we suggest that the proportion of monocular viewing indirectly reflects the incidence of fusion breaks and refusion.
The horizontal fixation disparity changes in the exo direction as viewing distance is shortened, although there is no significant difference between the two groups ( Figure 5 ). We suggest that the horizontal fixation disparity does not significantly differ between the groups, because it is calculated only for the interval when disparity in binocular coordination is less than 2°. The fixation disparity is dependent on viewing distance, 24 and disparity in the exo direction is one of the indicators of visual fatigue. 25 In this study, VOG shows that participants with X(T) sometimes view the smartphone screen monocularly, and the slower reading speed at 20 cm and 30 cm significantly correlates negatively with the proportion of monocular viewing in the X(T) group. However, the authors consider that these findings do not apply to all patients with X(T) because individuals with divergence excess type of X(T) were not enrolled in the present study, and their exodeviation is greater at a larger distance than at near distance. 11 Another limitation of this study is that the effects of the type of display, font size, and script direction were not evaluated. Thus, the authors consider that it is necessary to clarify whether monocular viewing is a phenomenon unique to smartphone reading with a vertical script or if it also occurs in smartphone reading with a horizontal script or with other devices, such as hard copy text or tablets. In future studies, we intend to investigate the effects of the type of display and font size in maintaining binocular coordination, comparing reading electronic devices with reading hard copy text.
Conclusion
A significant increase in the proportion of monocular viewing in the X(T) group and in fixation disparity in normal subjects when viewing a smartphone at a distance of 20 cm suggests that an adequate viewing distance should be advised to maintain binocular coordination in individuals with X(T) or to reduce visual fatigue in individuals with normal vision.
